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Abstract 

Crew escape system (CES) is one of the most critical sub-systems in a human-rated launch vehicle. CES has four different 
types of solid motors. One is the high-altitude escape motor (HEM). This motor has the scarfed nozzle region at the divergent 
aft-end side which is different from conventional nozzle to accommodate the nozzle inside the envelope of the crew module 
shroud. The composite ablative phenolic liners are bonded to the nozzle metallic hardware by means of adhesive. The structural 
integrity of this scarfed nozzle region due to temperature and pressure plays an important role for the success of the motor. The 
nozzle hardware of this motor comprises of three subassemblies connected together by flanged joint. Composite ablative liners 
are primarily designed to satisfy the thermal and internal ballistics constraint requirements. Though metallic nozzle hardware 
is designed to bear the complete internal pressure loads, liners share a substantial part during operation due to its stiffness 
which is comparable with that of the metallic backup. In addition, the high thermal gradient also results in stresses near the 
inner surface of the liner. These stresses cannot be estimated by closed-form solutions considering the complexity in geometry, 
direction-dependent material property, and arbitrary temperature distribution arising during operation. The temperature of the 
liner at its inner surface is the highest due to its direct contact with hot gases. The temperature within the liner decreases across 
thickness. It is required to be ensured that the temperature at the liner-hardware interface does not exceed the safe-operating 
temperature. Thermo-structural analysis of composite ablative liners is essential to estimate the complete stress state in liners 
and to arrive at the minimum available structural margins. The temperature and scarfed geometry make the analysis all the 
more complicated. Challenges in modelling liners with the 3D contact surface elements are highlighted. Varying pressure load 
along the inner surface of the liners is simulated in an exclusive load step, and in addition, temperature data estimated from 
transient thermal analysis are applied in another load step. Temperature-dependent thermo-physical and structural properties 
are used for the analysis. The temperature distribution across the liner thickness and stresses in the liner and metallic nozzle 
are reported at different cross sections and their criticality is analysed. This paper highlights the integrated 3D finite-element 
modelling and analysis of composite liners of solid rocket scarfed nozzle and also covers the comparison of the mechanical 
strain and thermal parameters with post-static test values. 
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r c Radius of curvature at the throat, m 
A t Cross-sectional area at throat, m 
A Cross-sectional area at the axial location, where h g is 
computed, m 

a Correction factor for variable properties 

Abbreviations 

CES Crew escape system 
HTC Heat-transfer coefficient 
LS Load step 

FEA Finite-element analysis 
HEM High-altitude escape motor 
TPS Thermal protection system 
CP Carbon phenolic 

AR Area ratio 

CFD Computational fluid dynamics 
CP Carbon phenolic 

SP Silica phenolic 

1 Introduction 

Crew escape system (CES) is one of the most critical sub- 
systems in a human-rated launch vehicle. HEM motor has 
the scarfed nozzle region at the divergent aft-end side which 
is different from conventional nozzle to accommodate the 
nozzle inside the envelope of the crew module shroud. 

Solid motors have been extensively used in ancient and 
modern rocketry. The simplicity and scalability involved 
in the design of solid rocket motors makes them suitable 
for many applications, ranging from separation motors to 
booster stages [1]. The nozzle of a solid motor is designed 
to expand and accelerate gases to meet the desired thrust 
requirements. Under the conditions of high temperature, the 
nozzle structural backup hardware requires to be suitably pro¬ 
tected. Several thermal protection systems (TPS) have been 
designed and implemented in the past that cater to external 
and internal flow applications [2-5]. The materials used for 
such systems, the testing methods, and numerical models 
used for analysis of thermal protection systems have been a 
topic of great interest in the past and continue to receive much 
attention [6, 7]. Thermal protection systems involving abla¬ 
tive cooling have been an integral part of solid rocket motors 
[8]. The surface ablation phenomena have invited in-depth 
analysis by means of experimental, analytical, and numeri¬ 
cal methods [9] . The TPS of solid rocket motors represents a 
system operating in a multi-physics environment with a cou¬ 
pling between fluid, thermal, and structural fields. Extensive 
studies have been carried out in the past in the areas of design 
and characterization of TPS. An optimized TPS design con¬ 
tributes to the optimization of over all system. Therefore, by 


drawing from the experiences of the past and utilizing the 
state-of-the-art experimental and computing facilities, TPS 
design and analysis continues to receive more attention. 

The structural integrity of this scarfed nozzle region due 
to temperature and pressure plays an important role for the 
success of the motor and escape of the crew. 

Thermo-structural analysis of composite ablative liners is 
essential to estimate the complete stress state in liners and to 
arrive at the minimum available structural margins. The tem¬ 
perature and scarfed geometry make the analysis all the more 
complicated. Challenges in modelling liners with the 3D con¬ 
tact surface elements are highlighted. Varying pressure load 
along the inner surface of the liners is simulated in an exclu¬ 
sive load step, and in addition, temperature data estimated 
from transient thermal analysis are applied in another load 
step. Temperature-dependent thermal and structural proper¬ 
ties are used for the analysis. The temperature distribution 
across the liner thickness and stresses in the liner and metallic 
nozzle is reported at different cross sections and their criti¬ 
cality is analysed. This paper discusses a framework for the 
numerical simulation that can be used for thermo-structural 
analysis of a solid rocket nozzle employing a TPS made of 
ablative composite liners with reasonable approximations. 

2 Functional Aspects of Nozzle Assembly 

Composite ablative liners are bonded to the inner surface of 
the nozzle and serve to protect the outer metallic hardware 
from hot combustion gases by means of ablative process. The 
liners are machined to a contour suiting the flow require¬ 
ments of the nozzle. In addition, the ply angles within each 
of the composite liners are selected to ensure that ply lift-off 
is avoided and liner erosion is minimized. The thickness of 
the composite liner reduces due to ablation as rocket oper¬ 
ation progresses. The nozzle hardware of the solid motor 
under consideration comprises of three subassemblies con¬ 
nected together by screws. These subassemblies (Fig. 1) are 
the nozzle convergent (part-1), divergent fore end (part-2), 
and the divergent aft end (part-3) which is having scarfed 
nozzle (part-4) compared to conventional straight nozzle. 

The convergent hardware is connected to the divergent 
fore end on one side and to the motor case on the other. A 



Fig. 1 Geometry of solid rocket scarfed nozzle 
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solid rocket nozzle is lined with several composite liners that 
protect the metallic hardware by means of ablative cooling. 
The composite liners are bonded to the metallic hardware by 
means of adhesive. The heat transfer from hot combustion 
gases to the composite liners is by convection. The temper¬ 
ature of the liner at its inner surface is the highest due to its 
direct contact with hot gases. The temperature within the liner 
decreases across thickness. It is required to be ensured that the 
temperature at the liner-hardware interface does not exceed 
the safe-operating temperature (100 °C) recommended for 
the adhesive. 

The size of the liners is usually deduced by means of 
thermal analysis. The liner thickness is carefully chosen for 
optimized design through rigorous analysis. The liners are 
then checked for structural integrity under motor operating 
conditions which involve thermal as well as structural loads. 

Furthermore, the liner profile changes over time due to 
ablation and its thickness decreases continuously. Therefore, 
a coupled thermo-structural analysis is required to assess the 
liner integrity under complex loading conditions. However, a 
full transient coupled analysis is computationally expensive. 
Therefore, a load-transfer approach may be followed instead. 
Thermal analysis using CFD and analytical formulations is 
carried out to obtain the liner profile at various instants of 
time and the temperature distribution within the liners. Sub¬ 
sequently, the critical temperature and pressure conditions 
are identified for the duration of operation of the motor. This 
profile and associated temperature loads are then used as an 
input for structural analysis. 

The nomenclature of the composite liners employed in the 
solid motor under consideration is indicated in Fig. 1. The 
ablative liners are typically made of carbon phenolic (CP) 
or silica phenolic (SP) composite material. The ply orienta¬ 
tions of these liners are fixed based on a tradeoff between ply 
lifting and liner erosion. The ply orientations (with respect 
to nozzle axis) and material for various liners that consti¬ 
tute the thermal protection system (TPS) are given in Table 1 
and Fig. 2. The material properties for composite liners are 
orthotropic in nature. The ply orientation and fiber directions 
may not be aligned with any of the standard coordinate sys- 


Table 1 TPS details of the liners 



Type of liner 

Material 

Ply orientation 

A 

Convergent liner 

CP 

Rosette 

B 

Throat insert liner 

Graphite 

- 

C 

Backup liner with 
washer 

CP 

0° 

D 

Divergent fore-end 
liner 

CP 

0° 

E 

Divergent aft-end 
liner 

CP 

0° 



Fig. 2 Nozzle with ablative liners 

terns and the ply orientation does not align with the nozzle 
axis. Moreover, the orientation of the fibers in a given liner 
depends on the actual processing plan and hence in general is 
arbitrary. Considering the large number of lay-ups that goes 
inside a single liner, it is very difficult to simulate the exact 
fiber direction, that too in an axisymmetric analysis. Such 
complexities require careful assessment and implementation 
of various approximations in numerical analysis to achieve 
solutions that are fast and reasonably accurate. 

3 Loads and Boundary Condition 

The axisymmetric and 3D models were constrained in axial 
and radial directions on the fore-end side of the modelled 
length of the divergent hardware and liner. In addition, cir¬ 
cumferential constraints were imposed on the symmetry 
plane of 3D sector models including the scarfed region. The 
thermo-structural analysis was carried out in two load steps: 
(1) transient thermal analysis and (2) stress analysis using 
nodal temperatures and structural loads (i.e., varying pres- 
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sure). The transient thermal analysis involved the application 
of a convective heat-transfer coefficient on the inner surface 
of the nozzle liner which is exposed to hot combustion gases. 
Traditionally, Bartz correlation [10] is used to compute the 
convective heat-transfer coefficient in nozzles. The correla¬ 
tion is as follows: 


'0.026' 
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Inverse heat-transfer method for estimation of heat flux is 
also reported in the literature [11]. However, for this study, 
an in-house finite-volume code and CFD tool were utilized to 
calculate the instantaneous liner profile along with the con¬ 
vective heat-transfer coefficient at the nozzle wall. The wall 
pressure was also determined from this code. The pressure 
and heat-transfer coefficient varied linearly along the wall 
of the nozzle divergent section and were incorporated as a 
linear function in ANSYS in terms of axial distance from 
nozzle fore end in finite-element model. Heat-transfer coef¬ 
ficient (Figs. 3, 4) load applied using array parameters which 
is available in ANSYS package [12]. 

The typical forms of the functions for varying pressure 
load (Figs. 5, 6) are given below: 

P = (1.126) x (((1.189^ + 011) x exp(((F + 2.33e + 004)/4592) 2 )) 

+ ((1.123) x exp(-((y - 105.5)/27.56) 2 )) 

+ ((-5.863) x exp(-((7+ 52.99)/183.4) 2 )) 

+ ((-0.8599) x exp(-((y - 29.5)/30.68) 2 )) 

+ ((14.83) x exp(-((y - 14.16)/138) 2 ))), N/mm 2 , 

where P is the pressure and { Y } is the axial distance in mil¬ 
limeters from the fore end of model. 



.002195 .006165 .010135 .014105 .018076 


.00418 .00815 .01212 .016091 .020061 

Fig. 3 FE model with heat-transfer coefficient (w/mm 2 K) loads along 
the axial length of the nozzle 


Heat transfer coefficient (w/mm2 k) Vs axial distance (mm) 



Normalised Axial distance (mm) from fore end to Nozzle divergent 

Fig. 4 Heat-transfer coefficient (w/mm 2 K) loads along the axial length 
of the nozzle 



.035828 2.47952 4.92322 7.36692 9.81061 


1.25768 3.70137 6.14507 8.58877 11.0325 

Fig. 5 FE model with pressure (N/mm 2 ) loads along the axial length of 
the nozzle 

3.1 Finite-Element Model 

The properties of the composite liners are temperature depen¬ 
dent. The temperature dependence needs to be incorporated 
in the analysis by defining functions or linearly interpolated 
tables. Furthermore, at a given instant, the composite liner 
consists of three distinct regions: (1) virgin region; (2) pyrol¬ 
ysis region; and (3) charred region. In this paper, numerical 
analysis is carried out by including the virgin and the charred 
regions. The pyrolysis layer has minimum impact on the 
thermo-structural aspects of the analysis, and hence has not 
been modelled in favour of simplicity. 

The orthotropic properties for liners were implemented in 
the solver and the ply orientations were accounted for, by 
creating a local coordinate system for each of the liners. For 
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Pressure (MPa) variation along the length (mm) of the nozzle 

12.00 



Axial Distance (mm) from the Nozzle throat to divergent end 

Fig. 6 Pressure (N/mm 2 ) loads along the axial length of the nozzle 

rosette liner, the ply inclination with the axis of the motor was 
assumed to be same as that of the hardware backup. The struc¬ 
tural properties such as the Young’s modulus, Poisson’s ratio, 
Shear modulus, and the coefficients of thermal expansion 
were specified as a function of temperature. The properties 
of composite liners in hoop direction were assumed to be 
same as that of the warp direction. This approximation stems 
from the liner construction method which results in similar 
properties in these two directions (viz. warp and fill). 

The Plane 182 axisymmetric elements were used for struc¬ 
tural analysis and solid elements are used for 3D analysis for 
modelling the scarfed nozzle. The analysis was carried out in 
two load cases. The nodal temperatures obtained from ther¬ 
mal analysis were then applied as thermal load in the first 
load step. In the second load step, the varying pressure cor¬ 
responding to the pressure peak was applied on the inner 
surface of the liners. The first and the second load steps are 
separated to estimate the independent effect of each of them. 
The variation of pressure along the length of the axis of the 
nozzle is shown in Fig. 6. The pressure is highest close to the 
nozzle convergent and then decreases continuously through¬ 
out the divergent fore end and AE scarfed nozzle. 


4 Results 

The results were taken from the 2D analysis for the 4 s tem¬ 
perature distribution and varying pressure load along the 
nozzle. Figure 7 shows the variation of temperature in the 
throat insert liner at throat fore end, throat point, and throat 
aft end. The temperature is higher at throat point due to higher 
heat load. 

Divergent fore-end liner [B] is adjacent to the throat insert 
liner [C], as indicated in Fig. 2. Variation of temperature in 



Fig. 7 Variation of temperature in the throat liner 


Temprature (k) in the divergent fore end liner 



Normalised thickness (measured form ID) 

Fig. 8 Variation of temperature in the divergent fore-end liner at a sec¬ 
tion in the fore-end side and aft-end side 

the throat liner at different locations is shown in Fig. 7. Varia¬ 
tion of temperature in the divergent fore-end liner at fore-end 
side and aft-end side is shown in Fig. 8. Owing to larger vari¬ 
ation in thickness between planes fore-end side and aft-end 
side, the temperature curves at these sections higher for the 
low thickness side and closely follow each other. The tem¬ 
perature reduces to 303 K within a length of 15% thickness in 
the aft-end side. The stress plots shown in Figs. 9, 10, and 11 
indicate stress reversal behaviour across the thickness, due to 
the varying temperature and pressure. The curves for fore-end 
side and aft-end side slightly deviate from the rest owing to 
their proximity to the interface between liners, which is mod¬ 
elled by means of contact elements. The stresses exceeded 
the allowable values within the charred layer, but were within 
limits in the rest of the liner. The stresses were observed to be 
within acceptable limits for most of the liner while marginally 
exceeding the allowable values in the charred region. 
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Stress perpendicular to ply direction in the Divergent fore end liner 



Fig. 9 Stress (MPa) perpendicular to ply direction in the divergent fore¬ 
end liner 

Stress parallel to ply direction in the Divergent fore end liner 

200 


Fore end 



Fig. 10 Stress (MPa) parallel to ply direction in the divergent fore-end 
liner 

Hoop stress in the Divergent fore end liner 


600 



-600 

Normalised thicknes ( Measured from ID) 


Fig. 11 Hoop stress (MPa) in the divergent fore-end liner 

The gap opening of 0.0075 mm between convergent liner 
and throat at ID and closes in the remaining gas path due to 
temperature and pressure load is shown in Fig. 12. 

The gap opening of 0.0028 mm at ID and closes in the 
remaining gas path line due to temperature and pressure load 
is shown in Fig. 13. The gap opening of 0.0047 mm between 



(B) 



Fig. 13 Gap opening between the throat insert liner (B) and divergent 
fore-end liner (C) 

the divergent fore-end liner and aft-end liner at ID and closes 
in the remaining gas path line is shown in Fig. 14. Sufficient 
axial clearance was provided between the liners and filed with 
ped seal putty to avoid the interference between the liners 
during the assembly. The above opening/gap was assured 
that the leak path was fully arrested in the motor operation 
time. 

4.1 Results for the Scarfed Nozzle 

Scarfed configuration was the requirement due to the enve¬ 
lope available in the crew module shroud (Fig. 15), i.e., this 
nozzle has to be assembled inside the shroud, and at the 
same time, it should not be protruded out of the shroud. 
3D modelling was carried out to simulate the scarfed nozzle 
configuration. Figures 16 and 17 show the 3D finite-element 
model with loads. Thermal analysis was carried out for the 4 s 
time. Temperature distribution in the scarfed nozzle region is 
shown in Figs. 18 and 19. Measured temperature at different 
axial locations in the outer surface of the scarfed nozzle is 
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Fig. 14 Gap opening between the divergent fore-end liner (D) and diver¬ 
gent aft-end liner (E) 



Fig. 15 Scarfed nozzle inside the crew module shroud 



Fig. 16 3D finite-element model of scarfed nozzle 


shown in Fig. 20 which is comparable with the prediction 
for the 4 s burn time. The radial displacement of the nozzle 
should not be higher than the clearance between the nozzle 
and shroud (available clearance: 8 mm). Thermo-structural 
analysis result shows that the radial displacement due to tem¬ 
perature and pressure is 5 mm (Fig. 21). This displacement 
is due to larger length of the scarfed region behaves as a can¬ 
tilever. From this, it was assured that the nozzle will not come 
out of the shroud during motor operation. Stress at the tip of 
the larger and smaller scarfed nozzle region across thick¬ 
ness are shown in Figs. 22 and 23. Hoop stress distribution 
in the scarfed region liner is shown in Fig. 24. The stresses 
were observed to be within acceptable limits in the scarfed 
liner while marginally exceeding the allowable values in the 



15:34:1-9 


.035828 2.47931 4.92278 7.36626 9.80974 

1.25757 3.70104 6.14452 8.588 11.0315 


Fig. 17 3D finite-element model of scarfed nozzle with loads 



STEP=1 11:24:22 

SUB -316 

TIME=4 

TEMP (AVG) 

RSYS=0 


507.117 915.834 1324.55 1733.27 2141.99 

Fig. 18 Temperature (K) distribution in the scarfed nozzle 


charred region. From the above figures, it was found that 
mechanical erosion due to higher stress is not seen beyond 
15% of the thickness. Interface shear stress of between the 
liner and metallic hardware is shown in Fig. 25. Since this 
value is less than 8 Mpa in the scarfed region, there will not be 
any debond of the liner from the hardware. Max von-Mises 
stress of 358.7 MPa exists in the convergent region (Fig. 26), 
whereas 137.5 MPa exists in the scarfed nozzle divergent 
hardware. Min margin in the nozzle hardware for the static 
test condition is 1.32. 

4.2 Static Fire Test of the Motor and Nozzle 

Figure 27 shows the hot fire static test of the motor with 
scarfed nozzle. A peculiar observation of severe pocketing 
erosion of CP liner of aft-end divergent was seen in static 
test leading to metal exposure and blackening of paint was 
noticed. Detail CFD and particle impingement study were 
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Fig. 19 Temperature (K) distribution in the scarfed nozzle 



Fig. 20 Measured temperature (K) distribution in the scarfed nozzle at 
different locations in the scarfed nozzle 


STEP=2 
SUB =12 


TIME~2 

UX (AVG) 

RSYS=5 

DMX =5.44256 
SMN =-2.61186 
SMX =5.0156 



MAY 31 2018 
18:05:24 


-2.61186 -.916869 .T! >■]?.?. - . • '311 4.16811 

-1.76437 -.069374 1.62562 3.32061 5.0156 


Fig. 21 Radial displacement (mm) at the tip of the scarfed nozzle 


carried out and recommended of increasing the thickness 
of the contour was done in aft-end liner profile for the sec¬ 
ond static test. Erosion and metal exposure to temperature 


Stress (MPa) at the tip of the scarfed region 



■ Stress perpendicular to ply direction - Stress parallel to ply direction 


Fig. 22 Stress (MPa) at the tip of the scarfed nozzle region 


Stress (MPa) at the tip of the smaller scarfed region 

450 
400 \ 

350 \ 

300 \ 


250 \ 



- Stress perpendicular to ply direction - Stress parallel to ply direction 


Fig. 23 Stress (MPa) at the tip of the smaller scarfed nozzle region 



Fig. 24 Hoop stress (MPa) in the ablative liner in the scarfed nozzle 
region 


were not seen in the post-test observation in the second hot 
static first test (Fig. 28). In the scarfed region of aft-end liner, 
increasing trend in erosion with respect to increase in AR 
(max AR is 12.3 at the smaller tip) is observed indicating par¬ 
ticle impingement erosion in addition to mechanical erosion. 
The design thickness provided was 10.5 mm. Char depth of 
5.9 mm was seen (Fig. 29) in the post-test inspection (Fig. 28) 
based on the temperature of 600-700 K. It includes the ero¬ 
sion of 1.5-2.5 mm. Virgin thickness available is 4.6 mm. 
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Fig. 25 Interface shear stress (MPa) between the liner and hardware 


STEP=2 
SUB =10 
TIME=2 

SEQV (AVG) 
DMX =2.74608 
SMN =.256538 
SMX =358.478 


JUN 21 2018 
10:06:39 



40.0589 119.664 199.268 278.873 358.478 

Fig. 26 Von-Mises stress (MPa) in the scarfed nozzle hardware 



Fig. 27 Showing the hot fire test of motor with scarfed nozzle 


Margin of safety over the design thickness is 0.1. Due to 
scarfing of nozzle exit plane, side force was expected before 
the test. Figure 30 shows that the nodal load (F z = lateral) in 
the scarfed region estimated from the analysis is 14,175 N. 
Figure 31 shows the measured side load from the static test. 
The side load predicted from the CFD analysis was compa¬ 
rable with the test. Strain gauge location (17 L and 18 H) in 
the scarfed nozzle during static test is shown in Fig. 32. Hoop 
and meridional strain at that location are shown in Figs. 33 
and 34, respectively. Measured strain in the scarfed nozzle 
location with respect to time is shown in Fig. 35. Measured 



Fig. 28 Scarfed nozzle after hot fire test 




Fig. 29 Char depth measurement in the scarfed nozzle after static test 

hoop strain is 65 |xs over the prediction of 103 [is measured 
meridional strain is — 40 p,s over the prediction of — 181 \is. 



5 Conclusions 

Aspects involved in the modelling of composite ablative 
liners and loading conditions in the scarfed nozzle with 
2D and 3D transient thermal and thermo-structural analy¬ 
sis were discussed in detail. The methodology discussed in 
this paper offers significant advantage in computing costs 
while providing reasonably accurate solutions with avail¬ 
able tested material properties. The results from integrated 
thermo-structural analysis were presented for all the liners 
of scarfed nozzle configuration. The significance of ther¬ 
mal effects (gradients) was observed to manifest itself in 
the form of peak stresses in the charred region. Stresses in 
this region were observed to be higher than allowable lim- 
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/■j 

/'? 


/\ PRNLD Command 


***** POST1 SUMMED TOTAL NODAL LOADS LISTING ***** 

(Excludes contact elements; issue PRNLD,,,both to include them> 

LOAD STEP= 2 SUBSTEP= 10 
TIME= 2.0000 LOAD CASE* 0 

THE FOLLOWING X,Y,Z SOLUTIONS ARE IN THE GLOBAL COORDINATE 
SVSTEM 


TOTAL UALUES 

UALUE -0.25276E-006-0.95950E-007 14175. 


□ 


Fig. 30 Nodal loads in the scarfed region (F z = side load) from 3D 
analysis 



Fig. 31 Measured side load from the static tests 

T 



Fig. 32 Strain gauge location in the scarfed nozzle during static test 

its. However, directional stresses for all liners were observed 
to be within allowable limits in the virgin region. Post-test 
inspection shows that the mechanical erosion (erosion by 
means of allowable stresses) due to pressure and temperature 


STEP=2 
SUB =10 
TIME=2 

EPTOY (AVG) 
RSYS=S 
DMX =2.74608 
SMN =-.538E-03 
SMX =.301E-03 



Fig. 33 Hoop strain (mm/mm) in the scarfed nozzle 


STEP=2 
SUB =10 
TIME=2 

EPTOZ (AVG) 
RSYS=5 

DMX =2.74608 
SMN **-.381E-03 
SMX =.131E-03 



Fig. 34 Meridional strain (mm/mm) in the scarfed nozzle 

Strain vs time in the scarfed Nozzle region 



Fig. 35 Measured strain (mm/mm) in the scarfed nozzle during static 
test 
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in the scarfed region was comparable with the finite-element 
results. However, the particle impingement erosion seen in 
the post-test cannot be predicted by the finite-element anal¬ 
ysis. 
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